Background
Background
The lysosomal storage disorder Fabry disease (FD) is an X-linked recessive hereditary disease caused by mutations in the gene encoding the enzyme α-galactosidase A (α-GAL). These mutations lead to a reduction or loss of α-GAL activity, which results in the accumulation of sphingolipids, particularly globotriaosylceramide-3 (Gb3), in kidneys, heart, and the nervous system [1] .
In skin, Gb3 may accumulate in vascular endothelium, smooth muscles, fibroblasts, and eccrine sweat glands [2] [3] [4] [5] [6] [7] [8] and it has been localized to lysosomes using electron microscopy [9] . In a phase 3 clinical trial on enzyme replacement therapy (ERT), clearance of Gb3 was shown from vascular endothelium and to a lesser degree from dermal smooth muscle cells and perineurium [10] .
So far only few studies investigating Gb3 load in skin of FD patients have been published, and in these studies electron microscopy was used [9] . This technique, however, is costly and time-consuming, and only a very small section of the affected skin can be examined. While in several studies light microscopy was successfully applied to investigate Gb3 load in kidneys [11, 12] , no such investigations were reported in skin of FD patients except for one study using semithin sections and showing deposits assumed to be Gb3 [10] . We set out to use fluorescence microscopy to quantify the Gb3 load in skin punch biopsies of patients with FD, and assessed its association with disease severity and other clinical parameters, including ERT.
Patients and Methods Subjects
Our study was approved by the Würzburg Medical Faculty Ethics Committee. All study participants gave written informed consent before enrollment. We investigated 84 consecutive FD patients who reported at the Würzburg Fabry Center for Interdisciplinary Therapy (FAZIT) between 2007 and 2013. FAZIT is a tertiary referral center, where patients are seen from all over Germany mainly to confirm the diagnosis, decide on treatment, and for follow-up. Adult patients !18 years were included if FD was confirmed by α-GAL assay and a genetic test. The patient group consisted of 38 men (median age 41 years, range 18-71 years) and 46 women (median age 41 years, range 20-70 years). Data on the peripheral nervous system [13] and on cerebrovascular findings [14, 15] of some of these patients have been described elsewhere. Additionally, we recruited 27 healthy volunteers as controls. This control group consisted of 14 men (median age 54 years, range 23-76 years) and 13 women (median age 57, range 20-81 years).
Clinical examination and laboratory tests
As part of the routine work-up all patients underwent neurological examination and were assessed with a standardized pain questionnaire (Neuropathic Pain Symptom Inventory, NPSI [16, 17] ). After exclusion of large fiber neuropathy by clinical examination and routine neurophysiological studies, the presence of a small fiber neuropathy (SFN) was determined the doctoral theses of Nils Schröter, who received a six-months scholarship form the German Research Foundation (Deutsche Forschungsgemeinschaft, DFG; Sonderforschungsbereich 581). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. according to published criteria [18] using standard quantitative sensory testing at the right dorsal foot [19] and skin punch biopsy. Kidney function was assessed by the glomerular filtration rate (GFR). Normal renal function was defined as GFR !60 ml/min/1.73 m 2 [20] [21] [22] .
Cardiomyopathy was diagnosed if typical findings like cardiac fibrosis and left ventricular hypertrophy were present.
Skin punch biopsies
From all study participants a 5-mm skin punch biopsy (apparatus by Stiefel GmbH, Offenbach, Germany) was obtained under sterile conditions and after topical anesthesia with 1% scandicaine [23] . Biopsies were taken from the lateral lower leg 10 cm proximal of the ankle and from the back at Th10 level. These sites were chosen to keep consistency with our previous studies, where we assessed length-dependency of the small nerve fiber reduction. Skin samples were processed as described earlier [24] .
Intraepidermal nerve fiber density (IENFD)
For IENFD quantification skin specimens were fixed in fresh 4% buffered paraformaldehyde (pH 7.4) for 30 minutes, washed in phosphate buffer, and stored in 10% sucrose with 0.1M phosphate buffer. Skin samples were then embedded in Tissue Tek
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, frozen in 2-methylbutane cooled in liquid nitrogen and stored at -80˚C before further processing. Forty-μm (for IENFD count) and 10-μm (for CD77 and double stains) cryostat cryostat sections were immunoreacted with antibodies against the pan-axonal marker protein-gene product 9.5 (PGP 9.5; Ultraclone, UK, 1:800) with goat anti-rabbit IgG labelled with cyanine 3.18 fluorescent probe to visualize nerve fibers. Blood vessels were identified by a monoclonal antibody to factor VIII (von Willebrand factor, Dako, USA, 1:200). Three biopsy sections per site were analyzed with a Zeiss Axiophot 2 microscope (Axiophot2, Zeiss, Germany) with a CCD camera (Visitron Systems, Tuchheim, Germany) and SPOT advanced software (Windows Version 4.5, Diagnostic Instruments, Inc, Sterling Heights, USA) on coded slides by an observer blinded to the identity of the specimen. Epidermal nerve fibers were counted following published rules [25] .
Quantification of Gb3 immunoreactivity
For quantification of the Gb3 load 10-μm cryostat sections were immunoreacted with antibodies against the CD77 antigen (i.e. Gb3 [26] ) (BD Pharmingen cat# 551352, Heidelberg, Germany, 1:100). Antigen retrieval was not necessary. For each immunoreaction a negative control without the primary antibody was used and assessments were performed only if the negative control did not show specific staining. Three photomicrographs per case including the entire dermis of each of the three sections per subject were captured using a 20x objective and were calibrated (2724 pixels/μm; Fig 1) . Photomicrographs were assessed off-line semiautomatically using Image J software (Version 1.45; http://imagej.nih.gov/ij/download.html). The dermis on each photomicrograph was covered with three quadrangles as "regions of interest" (ROI) with a total of 4.194.304 pixels (with 7407 pixels/20 μm). The area covered by Gb3 was determined as % of this entire ROI.
Statistical analysis
IBM SPSS Statistics 23.0 software (Ehningen, Germany) was used for statistical analysis; Graph Pad Prism 3.0 (GraphPad Software, Inc., San Diego, USA) was applied for graphical illustrations. Since data were not normally distributed, the non-parametric Mann-Whitney-U-test was applied for group comparisons. Results are illustrated as scatter plots giving individual Globotriaosylceramide 3 (Gb3) deposition is shown in cutaneous sweat glands, blood vessels, and dermal cells. Ten-μm skin sections were immunoreacted with an antibody against the pan-axonal marker proteingene product 9.5 (PGP 9.5; Ultraclone, UK, 1:800) to visualize nerve fibers; with an antibody agains factor VIII (von Willebrand factor, vWF; Dako, USA, 1:200) to show endothelium of blood vessels; with an antibody against the CD77 antigen (i.e. Gb3; BD Pharmingen, Heidelberg, Germany, 1:100) to visualize Gb3 deposits. Nuclei were visualized using 4,6-diamidin-2-phenylindol (DAPI; Boehringer, Mannheim). Dermal sweat glands data. For sensitivity and specificity analyses, receiver operating characteristic (ROC) curves were calculated. Additionally, linear regression analysis was performed. P<0.05 was considered significant. Table 1 gives baseline data of the patient population; S1 Table shows individual general data  and S2 Table individual kidney data. The patient cohort consisted of n = 77 patients with classical and n = 7 non-classical phenotype (n = 5 male, n = 2 female) [27] . There was no intergroup difference as for age between FD patients and controls (p>0.05). Thirty patients (19 men, 11 women) were on ERT. The median time on ERT was 3.1 years (0.2-8.9) and 21 of these patients were on agalsidase-beta. Median IENFD was reduced in distal skin of men (0.5 fibers/mm, 0-3) and women with FD (3.7 fibers/mm, 1.8-4.5) compared to our laboratory normative values (lower leg 9+/-3 fibers/mm; Table 1 ).
Results

Demographic findings and skin innervation
Distal skin Gb3 load is higher in men with FD compared to women and to controls
Gb3 deposits were easily detectable in sweat gland tubules, blood vessel walls, and dermal cells of the lower leg skin of FD patients, but not in healthy controls (Fig 1) . In skin samples from the back, only 26 FD patients (n = 11 men, n = 15 women) showed Gb3 deposits >0.05% ROI, such that we chose the lower leg specimen for further analyses. Using this threshold 20/38 of a Fabry patient (A) and a healthy control (D) are densely innervated (arrows pointing at PGP9.5 immunoreactive nerve fibers). In the sweat gland tubules of the Fabry patient dense Gb3 deposits are seen (arrows) while no such deposits are found in the healthy control (E). C) and F) show the respective merged photomicrographs. Dermal vessels of a Fabry patient (G) and a healthy control (J) are determined by the endothelial vWF (arrows). The vessel wall of the Fabry patient contains Gb3 deposits (H; arrows), while no such deposits are seen in the vessel walls of the healthy control (K). I) and L) show the respective merged photomicrographs. Dermal cells are determined by nuclear staining in skin of a Fabry patient (M, arrows). Intracellular Gb3 deposits are found in some (N, arrow) but not all (O, arrow head) dermal cells. Bar = 50 μm. (53%) men and 19/46 (41%) women with FD were positive for Gb3 in distal skin, while in controls only n = 2 male and female subjects each exceeded this threshold value. In lower leg skin male FD patients (n = 38) had more Gb3 deposits than female FD patients (n = 46; p<0.05) and male healthy controls (p<0.05; Fig 2) . The median Gb3 load in distal skin of all female FD patients did not differ from female healthy controls (Fig 2) . However, considering patients with classic phenotype only, men and women had a higher Gb3 load in distal skin compared to controls (male: p<0.01; female: p<0.05; Fig 3) . Deposits were also more pronounced compared to patients with non-classic phenotype, however, with the low number of patients in this subgroup (n = 7) significance was not reached. Among these only one female patient had a distal skin Gb3 deposition of >0.05% ROI.
Skin Gb3 load increases with disease severity and distinguishes male patients from controls with high specificity When stratifying our FD patient group for renal function, men with impaired kidney function (n = 12) had more Gb3 deposits in distal skin than men with normal renal function (n = 26, p<0.05; Fig 4A) . With only n = 5 women with impaired renal function, the sample size was too small to detect a significant difference for female FD patients (Fig 4A) . Also, male (n = 36) and female (n = 20) FD patients with SFN had more Gb3 deposits in distal skin than respective patients without SFN (p<0.05 each; Fig 4B) . ROC analysis revealed that with a cut-off at 0.05 (AUC: 0.755; SE: 0.077; 95% CI: 0.604-0.906; p<0.05; Fig 5) , dermal Gb3 load in lower leg skin biopsies reached a sensitivity of only 59%, but a specificity of 100% for the detection of FD when regarding the entire male patient group. Linear regression analysis investigating a potential relationship between distal skin Gb3 load and age, phenotype, GFR, cardiomyopathy, and IENFD did not reveal relevant correlations (data not shown). Male (n = 19) and female (n = 35) FD patients without ERT did not differ statistically in Gb3 load of distal skin when compared with patients on ERT (Fig 6) . While this may be due to the low number of cases in the subgroups, it is interesting that none of the women on ERT showed Gb3 deposits compared to five in the untreated group with a similar trend in the male patients (Fig 6) .
Discussion
In this single-center study we show that Gb3 deposits can be visualized in human skin punch biopsies by immunofluorescence, that dermal Gb3 deposits indicate FD with high specificity, and that the skin Gb3 load is particularly high in male FD patients with advanced disease and classic phenotype. There is only limited experience with immunofluorescence for Gb3 in human tissue [28] . Most authors used morphological Gb3 visualization in semithin or ultrathin sections. No study applied a morphometric method for quantification. One crucial advantage of visualizing Gb3 in skin by immunofluorescence is that this technique is much easier to perform and more widely available. Also, equipment and assessment costs are markedly lower than that of electron microscopy. Moreover, when using immunofluorescence the entire skin biopsy specimen can be evaluated while electron microscopy allows a structurally detailed, but spatially limited look at only a very small piece of skin. Thus a sampling error is less likely. Furthermore, an Scatter plots illustrate quantification of Gb3 load in CD77 stains of skin punch biopsy specimens from the lower leg of patients with Fabry disease (FD) of classical and non-classical phenotype stratified for gender. Skin Gb3 load is higher in male and female FD patients with classical phenotype compared to respective healthy controls. Patients with non-classical phenotype do not differ from controls and only one patient out of seven exceeded the threshold of >0.05% ROI Gb3 deposition in distal skin. Number of subjects from left to right: n = 32, n = 2, n = 5, n = 39, n = 5, n = 10, n = 11. Abbreviations: Co = controls; F = female; Gb3 = globotriaosylceramide 3; M = male; ROI: investigated region of interest on skin punch biopsy specimens; SFN = small fiber neuropathy. *p<0.05, **p<0.01. : impaired). Skin Gb3 load is higher in male FD patients with impaired renal function than in men with normal renal function. Number of subjects from left to right: n = 12, n = 22, n = 5, n = 39, n = 10, n = 11. B) Scatter plots show the quantification of Gb3 load in CD77 stains of skin punch biopsy specimens from the lower leg of patients with FD stratified for the presence of small fiber neuropathy (SFN) and compared to healthy controls. Male and female FD patients with SFN have more dermal Gb3 deposits in distal skin than patients without SFN. Number of subjects per box from left to right: n = 34, n = 2, n = 19, n = 24, n = 10, n = 11. Abbreviations: F = female; Gb3 = globotriaosylceramide 3; M = male; ROI: investigated region of interest on skin punch biopsy specimens; SFN = small fiber neuropathy. *p<0.05. immunofluorescent stain can be quantified by automatic or semiautomatic morphometry, which allows unbiased quantification of Gb3 load. On the other hand, Gb3 immunofluorescence appears to be less sensitive than electron microscopy (see below), at least with the antibodies and methods used in the present study.
Although skin is easily accessible and skin punch biopsy is minimally invasive, there is scarce information on the correlation of dermal Gb3 deposits with FD severity. Several studies investigated treatment response to ERT. Eng et al. saw Gb3 clearance in skin from the back 20 weeks after the initiation of ERT in a placebo controlled trial [29] . One further long-term and Receiver operating characteristic (ROC) curve is shown for distal skin Gb3 load in male FD patients compared to healthy controls. The relative frequency of ''true positive" values on the y-axis (i.e., sensitivity) is plotted against the relative frequency of ''true negative" values on the x-axis (i.e., 1-sensitivity). Note that the highest sensitivity (59%) and specificity (100%) for FD was found with the cut-off value set at 0.05. Abbreviations: AUC = area under the curve; CI = confidence interval; F = female; Gb3 = globotriaosylceramide 3; M = male; ROI: investigated region of interest on skin punch biopsy specimens; SE = standard error. one small short-term study assessed skin Gb3 under ERT and showed partial clearance [10, 30] . In a recent study using electron microscopy, Gb3 deposits were described and semiquantitatively assessed in treatment-naïve male pediatric FD patients [8] . Interestingly, Gb3 was found in superficial skin capillary endothelial cells and deep vessel endothelial cells of the majority of these young male patients, which is quantitatively similar to our findings with 53% male patients showing Gb3 deposits of >0.05% ROI in distal skin, however, with less spatial resolution as a disadvantage of the method.
Diagnostic guidelines increasingly propose the demonstration of Gb3 deposits in affected organs including skin in patients with uncertain FD or with a genetic variant of unknown significance [31] . Thus, a positive Gb3 skin finding in a patient with a genetic variant would support the FD diagnosis in these patients. In our cohort, we had seven patients with genetic variants that together with the clinical phenotype and laboratory findings led to the grouping as "non-classic". Interestingly distal cutaneous Gb3 deposits were similar to controls in contrast to patients with classic FD (see Fig 3) .
The effects of Gb3 deposits in skin of FD patients are not well understood yet. Due to the topical proximity of dermal Gb3 to skin nerve fibers, an influence on skin innervation and/or skin nerve fiber sensitization may be assumed. Here we found a higher Gb3 load in patients with SFN, however, no linear correlation was present between Gb3 load and IENFD. The relatively small number of cases per subgroup made statistical analysis difficult, thus, correlations might have turned positive if more cases would have been investigated in each subgroup. On the other hand it is not known whether cutaneous Gb3 deposits are causally related to small fiber degeneration or if Gb3 deposits in the dorsal root ganglia disturbing neuronal function might correlate with nerve fiber loss [32] . Gb3 deposits may influence sweating by either mechanical obstruction of sweat glands or by disturbance of sweat gland innervation leading to the FD phenotype of hypo-to anhidrosis.
We did not find a difference in the Gb3 load of patients on ERT compared to patients without ERT. Factors that may have led to this rather unexpected finding are the low number of subjects in each of our subgroups. Furthermore, the time span of patients on ERT was large ranging from patients who had just received their first infusions to those who were on ERT for almost a decade. Again, subgroups were too small to perform biologically meaningful statistical analyses. To clarify the effect of ERT on skin Gb3 systematic studies in a large patient cohort stratified for treatment duration are needed.
One limitation of our study is that although the entire patient cohort was large, stratification for gender and different aspects of disease severity led to small subgroups, which in some instances hindered reaching the necessary statistical power. The strength of our study is that we have investigated a clinically very well characterized single-center Fabry patient cohort comparing our results not only with appropriate patient subgroups but also with healthy controls. Also, we introduce Gb3 immunofluorescence as an easy-to-perform and reliable new application that is less sensitive than electronmicroscopy, however, specifically indicates Gb3 deposits and indicates high disease severity. The determination of skin Gb3 load is therefore a potential new tool for diagnostics and treatment stratification in FD patients. 
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